Envelope analysis is a widely used method for rolling element bearing fault detection. To obtain high detection accuracy, it is critical to determine an optimal frequency narrowband for the envelope demodulation. However, many of the schemes which are used for the narrowband selection, such as the Kurtogram, can produce poor detection results because they are sensitive to random noise and aperiodic impulses which normally occur in practical applications. To achieve the purposes of denoising and frequency band optimisation, this paper proposes a novel modulation signal bispectrum (MSB) based robust detector for bearing fault detection. Because of its inherent noise suppression capability, the MSB allows effective suppression of both stationary random noise and discrete aperiodic noise. The high magnitude features that result from the use of the MSB also enhance the modulation effects of a bearing fault and can be used to provide optimal frequency bands for fault detection. The Kurtogram is generally accepted as a powerful means of selecting the most appropriate frequency band for envelope analysis, and as such it has been used as the benchmark comparator for performance evaluation in this paper. Both simulated and experimental data analysis results show that the proposed method produces more accurate and robust detection 2 results than Kurtogram based approaches for common bearing faults under a range of representative scenarios.
Introduction
Bearings are at the heart of almost every rotating machine, and they have received a lot of attention in the field of vibration analysis because they are a common source of machine faults [1] [2] . For accurate diagnosis of a bearing fault, a number of techniques have been proposed in recent years to detect and identify specific bearing fault features (bearing frequencies) from within monitored data. Darlow explored the use of a high frequency resonance technique, widely known as envelope analysis [3] . Antoni applied cyclostationary spectral analysis [4] [5] , and cepstrum analysis, bispectrum analysis and time-frequency analysis have also been used. Ho and Randall investigated the application of self-adaptive noise cancellation in conjunction with envelope analysis to remove discrete frequencies masked within bearing vibration signals [6] . Barszcz applied the same approach to denoise wind turbine vibration signals for bearing outer race fault diagnosis [7] . Sawalhi, Randall and Endo presented an algorithm for enhancing the surveillance capability of spectral kurtosis by using the minimum entropy deconvolution technique. This technique deconvolves the influence of the transmission path and clarifies the impulses, even when they are not separated in the original signal [8] . Zhao applied empirical mode decomposition and the approximate entropy method for severity assessment of a spall-like fault in a rolling element 3 bearing [9] . A recent significant advance in envelope based rolling element bearing fault detection has been the Kurtogram [10] and this has received considerable attention in recent months [11] [13] . For this reason, the Kurtogram has been used as the benchmark comparator in this study.
The researchers above, and more, have achieved considerable progress in improving the accuracy of bearing fault detection and diagnosis. Most of the fault detection schemes presented in the literature are based on tracking the amplitude of the characteristic fault frequency but with little attention given to the utilisation of modulation characteristics and noise suppressing which are inherent in measured signals. Recently, Rehab et al explored using the MSB to extract fault features from the envelope signal, exploiting its noise suppression capabilities, and in doing so showed more reliable bearing fault severity assessment compared to power spectrum approach [14] . This approach, however, still requires optimisation of the filter's parameters for envelope analysis. In this paper a more straightforward and robust MSB detector is proposed, which does not rely on envelope analysis, and which is shown to provide reliable detection features based only on the demodulation and noise suppression characteristics of the MSB. Section 2 develops the detector and outlines the theoretical basis for bearing fault diagnosis. Section 3 presents performance studies based on simulated signals, and Section 4 validates the practical application of the detector via two application case studies.
The modulation signal based detector

A bearing vibration signal model 4
The vibration signature of a rolling element bearing with local defects can be typified by an amplitude modulation process. For a rolling bearing with a local defect of fault characteristic As the effect of random slippage is relatively small, the deterministic part of () xt in Eq. (1) represents predominately a series of impulse responses to local bearing defects such as a small dent on deferent components of a bearing, with a repetition frequency which reflects the contact of the bearing fault with another part of the bearing (e.g. an area of fatigue damage on a raceway and the periodic interaction of the rolling elements with this), this is called the defect frequency of the bearing. For a typical rolling element bearing there are four possible characteristic defect frequencies and these are determined by the bearing dimensions, the shaft speed and the defect location, in addition to an installation-dependent feature called the contact angle [18] . 
Inner race fault frequency (aka the Ball Pass Frequency for a Fault on the Inner Race -BPFI):
Ball fault frequency (aka the Ball Spin Frequency -BSF):
Cage fault frequency (aka the fundamental train frequency -FTF): 
The modulation signal bispectrum
To analyse the modulated signals, consideration of the sidebands in the bispectrum was introduced in [19] . 
Xf
. This is an important property that can be used as the basis for calculation of individual sideband amplitudes [21] .
2.3 An MSB-based robust detector 
where K is the total number of selected 
Vibration signal
Calculate the MSB using Eq. (6), ie
Calculate the MSB-sideband estimator using Eq. (7), ie
Calculate the compound MSB slice using Eq. (9), ie Calculate the robust MSB detector using Eq. (8), ie 
where f  is the frequency resolution in the
In summary then, the robust MSB detector can be implemented using four primary steps shown in Fig. 4 :
Simulation study
To evaluate the performance of the MSB detector, both no-slippage and slippage signals were produced using a linearised bearing model derived from the nonlinear model presented in [23] , This way of signal generation is efficient and also maintains the underlying bearing dynamics; in comparison it would take a relatively long time to find a numerical solution to a nonlinear model.
Both the no-slippage signals and slippage signals had different levels of extraneous white noise and aperiodic impulsive interferences added to them, creating in total six evaluation scenarios as detailed in Table 1 and denoted A through F; collectively these allowed a range of representative detection circumstances to be assessed. ** SNR2 is calculated from both the white noise and the impulsive interference.
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To quantify the added noise influences, two means of calculating signal to noise ratio (SNR)
were used, one for gauging the power of the stationary noise (referred to as SNR1) and another for gauging the local peaks of the aperiodic impulsive noise cases (referred to as SNR2). For the stationary case, SNR1 is defined as:
where s P and n P indicate the RMS values of the signal and noise respectively. And for the aperiodic impulsive interference case, SNR2 is defined as:
where n A represents the peak values of the noise or the impulsive interferences. As shown in Table 1 themselves completely buried in the noise. It is therefore difficult, in these circumstances, to locate resonance frequencies and hence to implement accurate fault detection if a conventional envelope approach is used. As shown in Fig. 6 , the envelope spectrum is unable to reveal the fault components for the high noise case when it uses a band pass filter with a centre frequency of 11,750Hz and a bandwidth of 500Hz (which covers the first 3 harmonics of the inner race fault frequency which is the highest frequency of possible bearing faults). Taking the low noise scenario (Case A) as an example to describe the process of calculating the MSB robust detector, the steps are as follows. Firstly, calculate the MSB (the FFT size is 32,768 and the average time is 83) and also calculate the sideband estimator using Eqs. (6) and (7). Then, calculate the compound MSB slice () c Bf to choose the suboptimal c f slices and hence to achieve the result displayed in Fig. 7(a) . The c f slices marked by '*' at around 7,000Hz and 12,000Hz have in this case been selected for the calculation of the MSB detector.
Subsequently, the robust detector is calculated using Eq. (8), as shown in Fig. 7(c) . As a benchmark, the fast Kurtogram algorithm [25] has also been applied to optimise the filter parameters for a narrowband envelope analysis, as shown Fig. 7(b) . The envelope spectrum obtained by the Kurtogram is referred to as the Kurtogram-based detector in this paper. The
Kurtogram optimised filter centre is at 11,719Hz and the filter bandwidth is 372.02Hz. Both the MSB and Kurtogram-based approaches find the highest resonance frequency at around 11,719Hz as the optimal band, and this was confirmed by multiple simulation runs. In summary, the MSB detector can still extract the fault feature frequency even if the noise is very high, whereas the Kurtogram approach does not give any indication of the fault. This greater capability of the MSB detector is attributed to its high performance noise suppression. that periodic content remains and hence provides a basis for bearing fault detection. The random slippage can be considered as an additional form of noise which needs to be suppressed by the detection method to achieve reliable detection results.
To confirm the robustness of the detection to the random slippage, the signal from the most severe 2% slippage was added to each of the white noises case A and B, and the resulting signals E and F were evaluated with the two detection methods. Fig. 13(a) and (c) show that the MSB detector can still find the correct frequency bands and hence can produce a reliable detection result for the Case E signal which has a SNR of -14.7dB. This result agrees with that of the Kurtogram-based detector, the results of which are shown in Fig. 13(b) and (c), in that the optimal frequency band is centralised around 0 11719 f Hz  , which is the third 23 resonance band, and also that there are significant components at 89Hz which is the characteristic fault frequency of the outer race. It worth noting that the MSB detector selects a number of continuous peaks from the compound MSB slice () c Bf because of the spectral smearing effect induced by the random slippage, rather than just a few discrete peaks for no slippage cases. This shows that the MSB detector also offers excellent performance even if the modulation signal has spectral smearing effect due to roller slippage and under moderate random noise conditions (Case E). When the SNR1 becomes even lower than -15dB, by adding more white noise, the Kurtogram-based detector can no longer find the optimal bands and is hence unable to produce a correct detection result. In contrast, the MSB detector can still produce a correct detection even with the SNR as low as -22dB (Case F). Fig. 14(a) and (c) show that, in addition to the significant fault component, the MSB detector also produces some observable components in the low frequency range, most probably due to the spectrum smearing effect induced by the random slippage. Although these low frequency components could lead to the potentially spurious detection of faults such as a bearing cage issue or a misalignment, the primary fault on the outer race has much greater amplitude than these low frequency features and can be detected without any difficulty.
The robustness of the MSB detector to noise when slippage effects are present is understandably lower than without slippage because the slippage responses already have substantial random effects contained within them.
From these simulation studies, it can be concluded that in principle the proposed MSB detector is robust to white noise, to aperiodic impulsive interferences and also to random roller slippages, and that in severe noise cases it outperforms the Kurtogram-based approach.
25 The experimental data of the motor bearing analysed in this paper was collected from the bearing test rig illustrated in Fig. 15 . It is comprised of a motor, coupling, intermediate shaft, supporting bearings and electrical brake. The vibration sensor was located in the vertical direction on the motor drive end bearing housing. Fig. 16 shows a photograph of the tested bearing, with a small seeded outer race defect. The tested motor bearing was a NSK Type 6206ZZ deep groove ball bearing with geometry listed in Table 2 . The frequency range of the piezoelectric accelerometer used to 28 collect the data was 0.5Hz to 10kHz and the sensitivity was 1.04mV/ms 2 . The data was acquired with a sample rate of 96kHz and 24-bit resolution. Fig. 16 Photographs of the test bearing with a small seeded outer race defect Given the horizontal orientation of the shafts in the machine, and the minimal axial load applied to the test bearing, the contact angle (φ) was assumed to be zero. in the range from 6.4kHz to 7.1kHz which corresponds to the second resonance frequency in Fig. 17(b) . From the MSB detector results in Fig. 18(b) , it can be seen that there is one distinctive peak at the outer race fault frequency. In addition, small peaks appear at the cage fault frequency and its harmonics, but no peaks can be observed at the ball fault frequency or the inner race fault frequency. These results demonstrate that the outer race fault can readily be detected in the test bearing. The presence of the cage fault frequency was unanticipated may be caused by manufacturing effects or inadvertent damage during bearing installation.
Detection results and discussion
The Kurtogram based detector shown in Fig. 18 (c) also provides clear indication of the bearing outer race defect. The tested bearing was an SKF Type 6008 deep groove ball bearing with geometry as listed in Table 3 . The linear frequency range of the vibration accelerometer used to collect the data was 0.5Hz to 10kHz, with a resonance higher than 35kHz and a sensitivity of 28.7mV/ms -2 . The data was again acquired with a sample rate of 96kHz and 24-bit resolution. Given the horizontal orientation of the shafts in the machine, and the minimal axial load applied to the test bearing, the contact angle (φ) was assumed to be zero.
Fig . 22 shows the waveform of the measured vibration signal and its spectrum. From The MSBc result of the planetary vibration signal is shown in Fig. 23 . It can be seen that the coherence is low when c f is higher than 6kHz, which means the modulation effect is weak and the MSB result is not reliable in this frequency range. Therefore, the highest resonance frequency R4 is excluded for the calculation of the MSB detector. than other frequency components such as the sun gear fault frequency/outer race frequency, which was also further confirmed by setting filter band around the R4 shown in Fig. 22(b) .
Conclusions
Based on the proven performance of the MSB in suppressing random noise and decomposing the nonlinear modulation components [11, [15] [16] [17] , a novel MSB detector has been developed using a number of significant MSB peaks, which are optimal in terms of 
